INTRODUCTION
Transforming growth factor-beta (TGF-β) ligands (TGF-β1, TGF-β2, TGF-β3), identified in 1980s, are shown to regulate diverse biological functions (1, 2) . All three ligands first engage the specific receptor TGF-βRI (3) , which then heterodimerizes with TGF-βRII. This heterodimer complex phosphorylates the intracellular proteins SMAD2 and SMAD3 activating a signaling cascade to induce several nuclear transduction proteins. With the induction of such proteins the TGF-β signaling pathway influences cellular proliferation, differentiation, motility, survival and apoptosis in tumor cells. This can promote Epithelial-Mesenchymal Transition (EMT) of a tumor, such as malignant glioma (4) . In the microenvironment, TGF-β signaling affects several cell types such as immune cells (5), cancer initiating cells (6, 7) , endothelial cells (8) , and fibroblasts (9) . The overall effect of these microenvironment changes results in tumor progression and metastasis (10) . TGF-β signaling is present in most malignancies (11) (12) (13) (14) , such as hepatocellular carcinoma (15) , pancreatic cancer (16), and myelodysplastic syndromes (17).
Because of this prominent role, several small molecule inhibitors (SMI) have been developed to block the TGF-β signaling pathway with the intention to reduce tumor growth.
SMIs blocking the TGF-β signaling are associated with unique cardiovascular toxicities in animals and these non-monitorable toxicities have prevented the clinical development of TGF-β inhibitors (18). Like previous TGF-β SMI (18), LY2157299 monohydrate, hereafter referred to as LY2157299, also induces heart valve lesions and aneurysms of the ascending aorta at high doses in animals (19). To predict a safe therapeutic window for a First-in-Human Dose (FHD) study a preclinical pharmacokinetic/pharmacodynamics (PK/PD) model was developed (20,21). 6 defined exposure level which was predicted to be safe and efficacious according to the PK/PD model. During the dose escalation, patients were continuously monitored for exposure and safety, which included an integrated cardiac safety evaluation. Using this PK/PD-based safety assessment, the predicted therapeutic window for a safe dose and dose-schedule of LY2157299 was confirmed and thus LY2157299 was advanced into Phase 2 clinical investigation.
Research. 
MATERIALS AND METHODS

Patients
Eligible patients must have progressed on prior effective therapies and had a histologic or cytologic diagnosis of a malignancy. Starting with cohort 3, only patients with relapsed and progressive glioma were eligible for this study. Prior to enrollment, investigators determined progression based on clinical symptoms or radiographic progression. All patients were assessed by the Response Evaluation Criteria in Solid Tumors (RECIST) and were required to have measurable tumor lesions. Starting with cohort 3 onward response was also assessed by Macdonald criteria (22). All patients had to have PS of ≤2 on ECOG scale. Patients were required to have adequate hematologic, hepatic, and renal function, and discontinued all previous therapies, including radiotherapy, for cancer at least 4 weeks prior to study enrolment.
Exclusion criteria included medically uncontrolled cardiovascular illness, electrocardiogram anomalies, and serious pre-existing medical conditions. Pathological diagnosis performed at time of first diagnosis was not re-assessed by central pathology review in this safety study.
Tumor tissue was submitted for assessment of pSMAD2 protein expression and remaining tissue was submitted for genetic mutation evaluation. The details of the biomarker evaluation will be reported elsewhere.
The study was conducted according to the principles of good clinical practice, applicable laws and regulations, and the Declaration of Helsinki. Each institution's review board approved the study and all patients signed an informed consent document before study participation.
IDH1/2 mutation:
Research. Where sufficient tumor tissue was available, 287 cancer-related genes were assessed for somatic variants using massive parallel sequencing methods to identify base substitutions, short insertions and deletions, and copy number changes (Foundation Medicine, NY) (23, 24).
Study Drug and Design
LY2157299 is a serine/threonine kinase inhibitor that blocks specifically the TGF-βRI kinase (25). LY2157299 was evaluated in a multicenter open-label, nonrandomized, dose escalation First-in-Human Phase 1 study (Figure 1) . Part A was a dose escalation study. First, patients with advanced or metastatic cancer received daily continuous LY2157299 monotherapy. Then, starting with Cohort 3 and for the remainder of the study, patients received LY2157299 on an intermittent dose regimen of 14 days on/14 days off (= 28-day cycle) (21). The change in dose regimen was pre-specified in the protocol depending on the outcome of a 6-month animal toxicology evaluation of the continuous dosing.
Part B was a safety study using LY2157299 on an intermittent dose regimen (14 days on/14 days off = 28-day cycle) at 160 mg/day (80 mg BID) and 300 mg/day (150 mg BID) in combination with lomustine given once every 6 weeks in patients with recurrent malignant glioma who progressed on effective treatments. Dose escalation was used to ascertain that the PK profile of LY2157299 remained unchanged in the combination with lomustine.
A Part C was also conducted to assess different novel tablet formulation. The results of this relative bioavailability (RBA) phase will be reported elsewhere.
Treatment: Dose and Dose Levels
In Part A, LY2157299 was given orally twice daily at doses 20 mg (=40 mg/day), 40 mg (=80 mg/day), 80 mg (=160 mg/day), 120 (=240 mg/day) and 150 mg (=300 mg/day) as a tablet in the morning and evening on an empty stomach. No dose adjustments or reductions were allowed and patients were to stop study treatment at any signs of medically significant cardiac toxicity. In Part B, patients in Cohort 1 received LY2157299 at 160 mg/day on intermittent dosing as defined in Part A. Lomustine 100 to 130 mg/m 2 was given orally once every 6 weeks beginning 1 week after initial LY2157299 dosing. In Cohort 2, 300 mg/day LY2157299 was given on intermittent dosing schedule and lomustine as in Cohort 1.
Maximum Tolerated Dose and Dose-Limiting Toxicity Assessment
The maximum-tolerated dose (MTD) was defined as the dose level below which ≥2 patients (of up to 6 patients) experienced a DLT during Cycle 1. If DLT were to occur, the previous dose and troponin I levels), changes in ECOG performance status, electrocardiogram (ECG), and echocardiography/Doppler (every 2 cycles and reviewed by a central cardiologist). In addition, standard chemistry, hematology, and urinalysis panels were performed. All concomitant medications were documented throughout the patient's participation in the study.
Efficacy Assessment
Radiographic changes (CR, PR, SD, PD) were evaluated by investigators using RECIST 1.0 for all patients and Macdonald criteria (22) for patients with glioma. There was no central review of radiographic images. Investigators reported lesion measurements in case report forms for subsequent statistical analyses. Patients with SD and who started 6 or more cycles were considered as having a clinically important benefit or tumor growth control. Such patients were added to the responder group (CR+PR+SD ≥6 cycles).
Statistical Analyses:
Patient disposition, demographics and disease characteristics, safety (including cardiac safety examinations), concomitant medication and response data were summarized by study part, using line plots to investigate trends over time, waterfall plots for change in lesion size based on investigator-reported measurements (using Macdonald criteria), summary statistics or frequencies as appropriate. 
RESULTS
FHD Study Design, Patient disposition and Characteristics:
Although the FHD study included a RBA part, we here report on the results of 65 patients from 4
investigational sites who participated in Part A and Part B (design in Fig.1) . Results from patients enrolled in the RBA part will be reported elsewhere. The entire study started in 2006 and was closed in 2012. During this period, the study was on clinical hold for approximately 2 years; the hold was lifted after intermittent dosing in animal toxicology supported the safety of the predicted therapeutic window.
In Part A (LY2157299 monotherapy), 39 patients were enrolled; 32 of these patients had glioma.
With Cohort 5 the pre-defined maximum exposure level was reached without significant toxicities or DLT. In Part B (LY2157299 combined with lomustine), 26 patients received LY2157299 in combination with standard dose of lomustine (15 patients at 160 mg/day and 11 patients at 300 mg/day).
At baseline, the mean age of the patients was 51.8 and 44.5 years in Parts A and B, respectively ( Table 1) At study closure in 2012 in Part A, 33 patients (33/39; 84.6%) discontinued the study treatment due to progressive disease, one patient died during treatment as the tumor progressed, and 3 patients withdrew from the study ( Table 2 ). In Part B, 22 patients (22/26; 84.6%) discontinued due to progressive disease, one patient died during treatment due to his cancer, and one withdrew from the study. As of June 2014, 3 patients were still receiving LY2157299: 2 in Part A (R19 and R33, treated for 73 and 55 cycles respectively, or 5 and 4.2 years, respectively) and 1 in Part B (R42, treated for 48 cycles or 3.7 years).
Safety Measures (Including Integrated Cardiac Monitoring Results)
Although some possible drug-related toxicities were observed in this study, there was no cluster of serious adverse events or adverse events (AEs) as determined by CTCAE v.3 grading ( Table   3) . No definitive drug-related toxicity or DLT was reported in either of the two study parts.
In Part A, three patients (7.7%) had four Grade 3/4 toxicities that were considered possibly drugrelated. One such patient experienced a Grade 4 thrombocytopenia which was considered a possible DLT. This patient recovered from the SAE but later died due to tumor progression. The second patient discontinued the study due to ischemic stroke (Grade 4) after surgical resection of his tumor during the off-period of LY2157299 treatment. The third patient experienced Grade 4 pulmonary embolism and dyspnea, and after hospitalization died of tumor progression. Thirtyseven of 39 (94.9%) patients experienced at least 1 treatment-emergent adverse event (TEAE).
No patient discontinued due to an AE. In Part B, there were no DLTs, including at the highest dose of LY2157299 (300 mg/day) combined with lomustine. A total of 23 patients (88.5%) had Grade 3 or 4 events. In 8 patients (30.8%) there were 16 of the possibly drug-related SAEs ( Table 3 ). All 26 patients of this study part experienced at least 1 TEAE; 15 (57.7%) of these patients experienced at least 1 study treatment-related TEAE. The TEAEs were likely due to lomustine, but relatedness could not be ascribed to only LY2157299 or lomustine. One patient discontinued because of a Grade 2 thrombocytopenia associated with drug treatment.
The integrated cardiovascular safety monitoring detected no clinically significant cardiac safety findings in both parts of the study. There were no pathological changes in troponin I and plasma BNP levels, or medically significant cardiac electrophysiological readings or functional changes as assessed by echocardiography/Doppler. Also, computer tomography scans of the ascending aorta and aortic arch did not detect any aneurysms.
Cumulative Dose of LY2157299 and Concomitant Medications:
Dose intensity (= percentage of the actual cumulative dose over planned cumulative dose) was high in both parts of the study suggesting a low toxicity profile. The median dose intensity ranged from 89.1% in Cohort 1 to 99.3% in Cohort 5 of Part A and 100% in both cohorts of Part B. There was no cumulative toxicity observed in either parts of the study. 
Efficacy Measures
Radiographic Responses Based on Macdonald Criteria in Part A and Part B for patients with glioma
In Part A, there were 33.3% (13/39) deaths that occurred on treatment or during follow-up and were related to tumor progression. Baseline measurements according to the Macdonald method were available for 26 of 30 patients and radiographic responses were assessed in 24 patients ( Fig. 2A) . Of the 30 patients with glioma overall response rate was 16.6% (5/30), including 2 complete responses (CRs) (2/30; 6.6%) and 3 partial responses (PRs) (3/30; 10%) ( Table 2 ).
These responses were assessed based on measurable lesions. Ten patients (10/30; 33.3%) had stable disease (SD). The rate of clinical benefit (=CR+PR+SD ≥6cycles) was 20% (6/30). In Part B, there were 57.7% (15/26) deaths on or during follow-up and all related to tumor progression. Baseline measurements according to Macdonald were available for 18 of 26 patients, of whom only 12 were evaluated for radiographic response (Fig. 2B) .
Duration of treatment by number of cycles is presented in Fig. 2C for Part A On average, patients received 2 cycles of treatment and a subgroup of patients was treated beyond Cycle 6 (Table 2; Fig. 2C ). The duration of treatment by number of cycles is presented in Fig. 2D . Two patients (2/26; 7.7%) had PR; one of these patients had a possible CR (patient R62). A clinical benefit response (=CR+PR+SD ≥6 cycles) rate of 23.1% (6/26) was observed ( Table 2 ).
The clinical responders had an initial disease stabilization followed by radiographic tumor lesion reduction (Figure 3A-3C) . The radiographic responses were not dependent on tumor size prior to initiation of treatment (Fig. 3A) . One patient (R19) had a complete response in Cycle 28 which was confirmed in Cycle 32. Another patient had first a pseudo-progression with no clinical 
progression (Part A, patient R21) and then had a marked radiographic response. The remaining patients had a gradual reduction of their tumor. In 2 of these patients, a CR developed and is still being observed after at least 3 years of treatment (Fig. 3B) .
Tumor Characteristics and Clinical Response
In Part A, 50% (15/30) of patients had either low grade glioma (9/30) or secondary glioblastoma (6/30), and 50% (15/30) had primary glioblastoma ( Table 1) . In low grade glioma or secondary glioblastoma 20% (3/15) of patients showed tumor response (CR/PR) and a similar response rate (13.3%; 2/15) was observed in patients with primary glioblastoma (Data not shown). In Part B, there were fewer patients with low grade glioma or secondary glioblastoma (23.1%; 6/26) compared to Part A, and more patients with primary glioblastoma (76.9%; 20/26) ( Table 1) .
Responses (CR/PR) were observed in 33.3% (2/6) of patients with low grade glioma or secondary glioblastoma and SD≥6 cycles (3/20; 15%) were observed only in patients with primary glioblastoma (Data not shown). There were 5/21 patients with IDH1/2 mutations ( Table   1) . A clinical benefit (=CR/PR/≥SD 6 cycles) was observed in four of the five patients (80%; 4/5 -two in each parts of the study) (Data not shown).
Discussion
In the present study, we show that the novel SMI LY2157299 targeting TGF-β signaling can be safely administered and has a clinical benefit in a tumor type where this pathway is considered a key driver of progression. The favorable toxicity profile of LY2157299 included no medically significant cardiovascular toxicities as monitored by monthly serial plasma markers (troponin I, BNP) and echocardiography/Doppler imaging every two months. Contrary to the concern that blocking the TGF-β signaling pathway may potentially induce secondary malignancies (26), no signs of tumorigenesis were observed, including in patients who have been in treatment longer than 3 years. With the exception of diarrhea (Grade 2) which presented in one patient during each of the 14-day on-treatment periods and two cases of Grade 3/4 thrombocytopenia, no other events were judged to be possibly related to LY2157299 treatment. The causes for both cases of thrombocytopenia remain unclear, because LY2157299 has shown no direct bone marrow toxicity in animal studies or in human in vitro bone marrow assays. Both patients had previous bevacizumab treatment and had shown moderate platelet reduction during bevacizumab treatment. Perhaps in both patients the previous antibody treatment unmasked an underlying idiopathic thrombocytopenia (ITP), which is thought to be suppressed by T-regulatory cells (27). Since LY2157299 is designed to block TGF-β production including in T-regulator cells, its administration may have removed the T-regulatory-mediated suppression of ITP. The concern that LY2157299 could have direct bone marrow toxicity was further weakened in Part B, where the combination of LY2157299 and lomustine did not result in an increase of the known lomustine toxicity. Platelet recovery after lomustine administration was not diminished by giving LY2157299 during the recovery period (supplementary Figure 1A and 1B) . LY2157299 treatment showed single-agent activity in glioma patients who had progressed on previous treatments not only based on radiographic responses, but also by SD exceeding 5 cycles (=SD≥6 cycles which is approx. 5 months). In Part A, there was 1 patient and in Part B there were 4 patients who had such a prolonged tumor growth control (Figure 2C, 2D) compared to these 4 patients with IDH1/2 mutation (4/11; 36.3%), there were 7 other patients who did not have the IDH1/2 mutation (7/11; 63.6%). This observation suggests that the TGF-β signaling pathway may be enriched in the IDH1/2 mutated tumors, but also be present in other less molecularly characterized glioma, perhaps those with a mesenchymal phenotype (34).
Therefore, future clinical studies with LY2157299 will likely benefit from a patient selection based on profiling tumors for a TGF-β-dependent signature.
In summary, LY2157299 has predictable pharmacokinetics and a favorable safety profile to continue its clinical investigation in Phase 2, and has shown clinical benefit at the recommended dose predicted by a preclinical PK/PD model. 
